Abstract. The dynamics of gas heating in fast pulsed discharges in nitrogen-oxygen mixtures was analyzed using a state-specific plasmachemical model and an energy conservation equation. It was shown that the heating rate changes over time according to the changes of the species involved in the heating processes. An increasing dependence on time was shown. The results show that higher electron density, electric field or partial pressure of oxygen leads to a faster gas heating. However, the heating rate associated with excitation of vibrational and electronic degrees of freedom is almost independent of the value of the applied field in the studied range of fields.
Introduction
Gas heating in fast pulsed discharges can play an important role in certain applications including, for example, plasma-enhanced ignition of combustible mixtures, aerodynamic flow control, gas and surface treatment.
Electrons are usually the species which transmit the applied electrical energy to gas and branching between different mechanisms depends mainly on the electron en- This division is caused by energy branching to corresponding degrees of freedom of gas which changes with a reduced electric field E/N , the ratio of the electric field E and gas density N . The energy branching in different collisions of electrons with molecules in dry air (N 2 -O 2 , 4:1) at room temperature is presented in Figure 1 . These results were obtained using BOLSIG+ solver from the Boltzmann equation for electrons in weakly ionized gases [1] . The energy branching presented in Figure 1 was obtained neglecting super-elastic collisions, i.e. the collisions of electrons with excited heavy species in which the electrons gain energy. These collisions can significantly effect the energy branching under conditions of strong vibrational or electronic excitation of gas (see, for example, [2] ) and will be considered in the present paper.
Elastic collisions of an electron with a heavy species cause a transfer of 2m/M of incidental electron energy to translational degree of freedom of gas, where m/M is the ratio of the electron mass to the mass of the heavy partner.
Relaxation of translational excitation (TT) of the heavy species occurs in a few collisions between them (see, for example, [2] ), so the energy transferred in elastic collisions can be directly associated with gas heating. Similarly, the electron energy spent on rotational excitation of molecules is redistributed in fast rotational-translational relaxation (RT) which takes place in a few dozen of molecular collisions [2] . In spite of the high speeds of these TT and RT processes (i), they are usually only significant for very low electric fields. The results presented in Figure 1 show that the energy loss by electrons in elastic collisions and in rotational excitation constitutes only a small percentage of total energy for a field of 10 Td and decreases to almost negligible levels for higher fields.
At the same time, the amount of energy depositing into internal degrees of freedom of gas increases significantly with an increase in the electric field. Excitation of vibrations (ii) is the most energy-consuming process for molecular gases in low and elevated fields. The relaxation process of vibrational degree of freedom occurs in vibrationaltranslational (VT) collisions between molecules and other heavy species (molecules, atoms, etc.). The rate of VT relaxation depends heavily on the nature of the excited molecules and the composition of the plasma and can be quite low -usually, on a microsecond time scale at atmospheric pressure for not very excited plasmas.
Higher electric fields (more than about 100 Td for air as follows from Figure 1 ) lead to more efficient excitation of electronic degree of freedom, dissociation and ionization processes (iii) than vibrational excitation (ii). As with vibrational relaxation, the electron relaxation rate (ET) depends even more on the nature of the excited molecules and the composition of the plasma. However, unlike to VT relaxation, electron relaxation can be quite fast (see [3] and references therein).
A detailed model of the mechanism for rapid heating of nitrogen and air in gas discharges in relatively high electric fields was presented in [3] . According to this model, the gas is heated mainly during reactions of preliminary dissociation of highly excited electronic states of oxygen molecules which are produced either by electron impact or during the quenching of excited states of N 2 molecules.
The results of the model calculations were found to adequately describe available experimental data on the dynamics of air heating in gas-discharge plasmas.
It was shown in [3] that, over a broad range of reduced electric fields, the fraction of discharge power that goes into heating the gas is fixed; specifically, it is the fraction that is expended on the excitation of the electronic degrees of freedom of molecules (28% for discharges in air).
The present paper provides an analysis of the timeresolved dynamics of gas heating in pulsed discharges.
The model
A zero-dimensional adiabatic multi-temperature model is used to describe the dynamics of species and gas tempera- 
The model also accounts the excitation of other electronic states of nitrogen and oxygen, but assumes instan-
These assumptions will bring a little artificial heating in the model due to the slightly different energies of species.
The dynamics of species density [N i ] is described by kinetic equation
where the source term S i for species i consists of a sum of corresponding reaction sources S ij . For example, this source term for reaction
can be expressed using reaction rate R j and reaction constant rate k j as follows
The list of species and reactions are converted automatically to the system of kinetic equations and solved numerically using ZDPlasKin tool [4] . Transport parameters and constant rates for electron-neutral interactions are calculated using build-in into the package BOLSIG+ solver. The density of 20 species, namely N 2 ( The reaction constant rates between radicals, electronicallyexcited species, atoms and ions are mainly taken from [2] .
The rates of some relaxation processes of excited atoms are taken from [6] [7] [8] .
Vibrational excitation
The population of vibrational levels of molecules (both Fast gas heating due to plasmachemical transformation is usually the dominant heating process until the moment when VT relaxation comes into play. This is true for quite a wide range of electric fields apart from very high fields.
So, the moment of significant gas heating due to VT relaxation is used here as the time limit when gas heating occurs mainly due to relaxation of electronically excited species. More realistic vibrational model must be involved for correct description of gas heating after this time limit (like it was done in [8] , for instance).
The temperatures of species
In the model, it is assumed that the temperature of neutral heavy species (i.e. the gas temperature T gas ) is constant in time and equal to room temperature in all results presented in this paper. This is done to simplify the analysis of the gas heating dynamic, and only the heating rate is calculated. The details of this procedure will be presented later in the text.
As mentioned earlier, the electron effective temperature (equal to 2/3 of mean electron energy) is obtained using BOLSIG+ solver. The ion temperature T i can be expressed according to [12] as
The effective temperature T ef f corresponding to ionneutral collisions in the system of center of mass is given then by
Here, k is the Boltzmann constant, m i and m n are the mass of ions and of neutral species, respectively.
Typical plasma composition in dry air
The nitrogen-oxygen thermal equilibrium distribution of species in 4:1 proportion with T gas temperature at atmospheric pressure is used as the initial conditions in simulations. Verification was carried out that this distribution 
Gas heating
These are electrons that are usually responsible for energy transmission from an external power source to gas.
The difference of this deposited energy and losses due to plasma expansion, thermal conductivity and radiative losses, normally, goes on excitation of internal degrees of freedom of gas and increases the temperatures of species.
The heating rate in the adiabatic case can be expressed using the energy balance equation. The electric power deposited to gas P ext redistributes between the translational degree of freedom of electrons P elec and gas P gas and internal degrees of freedom of gas P chem : P ext = P elec + P gas + P chem (7) These terms can be expressed as
where e is the elementary charge, [N e ] is the electron density, v e is the drift velocity of electrons, E is the reduced field, T e is the effective electron temperature,
is the total gas density, γ = 1.4 is the specific gas heat ratio for vibrationally non-excited air and Q i is the potential energy of species i.
We note that P chem can be positive or negative depending on the excitation/quenching rates of the species, i.e. the sign of d[N i ]/dt terms. In the case of negative P chem , this energy is liberated and goes to excitation of other degrees of freedom including heating the gas.
The combination of primary equation (7) with equations (8-11) allows gas temperature calculation using an ordinary differential equation that is sufficient for practical purposes. However, we will split the energies to highlight the main channels of fast gas heating.
Electric power P ext deposited into gas in collisions of electrons with heavy species goes to direct gas heating excitation of all internal degrees of freedom of gas except rotational and vibrational systems. By doing so, the total electric power can be expressed as
These partial excitation powers can be expressed using the rate R j (3) and the threshold ε j of corresponding reactions:
where the sum is taken over all processes of electron vibrational excitation (P In much the same way, P chem power consists of vibrational and electronic subsystems P V chem and P E chem :
, over all vibrational states (15)
over all electronic states (16)
Primary equation (7) can now be expanded using equations (12) and (14) as
Thus, the difference between power deposited to vibrations (electronic states) P
V (E) ext
and energy stored per unit time into vibrations (electronic states) P
V (E)
chem is attributed to gas heating.
To make quantitative analysis, the heating rate η Σ is defined using (12) as follows
this is, in fact, the instantaneous fraction of energy going to gas heating and the total electric energy being deposited into plasma.
To help understand the main mechanisms of gas heating, two other heating rate parameters are defined as
both of which, in fact, show the fractions of power deposited into internal degrees of freedom of gas -vibrational and electronic, respectively -that heat the gas [3] .
It should be noted here that relaxation and conversion of excited species are often accompanied by vibrational excitation of products, so a part of the difference P 
Dynamics of fast gas heating
All heating rates defined in the previous section are presented in Figures 4 and 5 for different electric fields in dry air at atmospheric pressure and room temperature assuming 1 cm −3 constant density of electrons.
The general tendency according to Figure 4 is that a higher field exhibits a higher fraction of total energy quickly going to gas heating. This rate not only depends on the value of the field but it changes in time due to changes in plasma composition. As mentioned early, a sharp increase in the heating rate in the Figure is associated with VT relaxation and can be used as the limit of time interval where gas heating occurs mainly due to fast relaxation of electronic degree of freedom of gas.
However, as follows from Figure 5 , the gas heating rates due to excitation of vibrational and electronic degrees of freedom is almost independent of the value of applied field and changes in time due to changes of plasma composition.
This result was predicted in [3] using the detailed statespecific model in quasi-stationary conditions. The author of that paper has shown that about 28% of power spent on excitation of electronic degrees of freedom of molecules in similar conditions goes into heating the gas.
In the present simulations, the value η E = 28% corresponds to time interval τ ≃ 10 −7 − 10 −5 s only and increases to η E = 50 − 70% at later time moments. We remained that atmospheric pressure is used here, so the characteristic times must be scaled with pressure (or, rather, with gas density N ) as τ × N = const. It must be emphasized that we did not detect a significant pressure dependence of η parameters, which is in agreement with results [3] . This list of channels provides the means to predict the influence of the presence of various species in plasma on the gas heating rate.
Strong gas excitation
The low electron density case used in the previous section corresponds to the low-rate excitation of gas. However, to be expected that an increase in electron density could change the dynamics of gas heating. To check this influence, the results obtained with a variation of electron density are presented below.
The heating rate presented in Figures 7 and 8 is obtained in dry air at atmospheric pressure and room temperature for electric field of 100 and 400 Td and electron densities of 1, 10 8 and 10 12 cm −3 .
We found that in spite of a significant acceleration the heating rate saturation point, i.e. the moment when η gets very close to 100%, the beginnings of corresponding cures are almost identical for a given electric field. We conclude here that an increase in the electron density or electric field accelerates the production of species and speeds up the gas heating does not affect this rate at the beginning. 
Variation of oxygen partial pressure
A change of the oxygen content in plasma affects the heating rate presented in Figure 9 .
This result was obtained in [3] where it was shown that lower oxygen content in the mixture leads to lower gas heating rate.
The main channels of gas heating in the case of pure oxygen differ slightly on those in a nitrogen-oxygen mixture and are presented in Figure 
Conclusions
The dynamics of gas heating in a fast pulsed discharge in N 2 -O 2 mixture is analyzed in the present work. Using a state-specific plasmachemical model and energy conservation equation, the heating rate, i.e. the instantaneous fraction of energy going into gas heating and the total electric energy depositing into different degrees of freedom of gas, is calculated.
It is shown that the heating rate changes in time according to the changes of species involved in the heating processes and exhibits an increasing dependence in time.
The results obtained show that higher electron density, electric field or partial pressure of oxygen leads to faster growth of this dependence. However, the gas heating rates due to excitation of vibrational and electronic degrees of freedom is almost independent of the value of the applied field, at least in the checked range of 50-400 Td. This is in agreement with results [3] .
We note that in neglecting vibrational excitation of products in quenching processes of electronic states, the developed model over-estimates the rate of gas heating and gives the maximum heating rate in pulsed discharges.
This overestimation is probably about double based on a comparison of results obtained in the present work with those of the detailed model [3] but this requires additional checking.
The developed model can therefore be used in the simulation of plasmas produced by pulsed discharges at elevated electric fields.
